Introduction
Cyt c 6 is a well-known soluble electron carrier between the two membrane-embedded Cyt b 6 f and PSI complexes in oxygenic photosynthesis. It is present in all known cyanobacteria and in most green algae (Schmetterer 1994 , Ki 2005 . However, duing evolution from cyanobacteria to higher plants, Cyt c 6 has been replaced by plastocyanin (Pc) . Actually both proteins are present in most cyanobacteria, where Cyt c 6 substitutes for Pc under copper deficiency conditions . On the other hand, some green algae lack Cyt c 6 and in higher plants only Pc acts as the electron donor to PSI (Molina-Heredia et al. 2003 , Weigel et al. 2003 .
Cyanobacteria are the unique group of prokaryotic organisms capable of carrying out an oxygenic photosynthesis similar to that performed by plants (Blankenship 1992) . They have a photosynthetic apparatus with two photosystems located in thylakoid membranes similar to those found in higher plant chloroplasts, of which cyanobacteria represent the phylogenetic ancestor. However, whereas in photosynthetic eukaryotes the respiratory and the photosynthetic electron transport chains are located in different cell organelles, in cyanobacteria both chains are located in the same membrane system, and thus they share some components (plastoquinone, Pc or Cyt c 6 , and the Cyt b 6 f complex). Consequently, in these prokaryotic organisms Cyt c 6 and Pc alternatively transport electrons from the Cyt b 6 f complex not only to PSI but also to respiratory cytochrome c oxidases (Coxs) (Peschek 1999 . Moreover, although the cyanobacterial cytoplasmic membrane does not contain a functional photosynthetic electron transport chain, it holds a second respiratory chain (Schmetterer 1994) . As nitrogen source, cyanobacteria can use nitrate, nitrite and ammonium, although some strains can use urea, amino acids or atmospheric nitrogen (Luque and Forchhammer 2008) . In the latter case, under conditions of absence of combined nitrogen, some strains differentiate specialized cells called heterocysts. The dinitrogen fixation process is performed in these cells in order to separate it spatially from photosynthesis. This prevents the irreversible inactivation of nitrogenase by molecular oxygen (Wolk 1982 , Fay 1992 . In fact, the respiratory activity is higher in heterocysts than in vegetative cells in order to decrease O 2 concentration (Murray and Wolk 1989) .
In cyanobacteria, along with its well-established role in photosynthesis and respiration (Kerfeld and Krogmann 1998 , Kerfeld et al. 1999 , Peschek 1999 , Cyt c 6 has also been proposed to be involved in anoxygenic photosynthesis, in which Cyt c 6 could transport electrons from quinones to sulfoferric clusters during anaerobic oxidation of sulfur (Klatt et al. 2015) . However, it remains unclear whether all these processes involve one or several isoforms of Cyt c 6 (Ki 2005) . In numerous cyanobacteria, at least two genes that could encode two Cyt c 6 isoforms have been found (Ki 2005 , Bialek et al. 2008 , Reyes-Sosa Plant Cell Physiol. 58(2): 256-265 (2017 et al. 2011) . One of these isoforms is the genuine petJ gene, which encodes Cyt c 6 , and the other one encodes a Cyt c 6 -like protein (herein after Cyt c 6-2 ), which cannot oxidize the Cyt b 6 f complex but can reduce, although with low efficiency, PSI (Reyes-Sosa et al. 2011) . Also, Bialek et al. (2008) previously described two well-defined groups of cyanobacterial Cyt c 6-2 proteins, Cyt c 6B and Cyt c 6C , that do not appear to be present simultaneously in the same cyanobacterium (Ki 2005) . The Cyt c 6-3 from Nostoc falls into the Cyt c 6C group. The presence of isogenes opens the door to the possibility that each one could perform a different metabolic function within a cyanobacterium.
To our knowledge, here we described and biochemically characterized for the first time a third isoform of Cyt c 6 , here called Cyt c 6-3 , which is only present in heterocyst-forming (filamentous) cyanobacteria. This protein cannot donate electrons efficiently to PSI, as Cyt c 6 and Pc do. Cyt c 6-3 is specifically repressed in heterocysts under diazotrophic conditions, and its expression is not copper regulated. The particular expression pattern of Cyt c 6-3 in heterocysts and vegetative cells may suggest a possible regulatory role related to heterocyst differentiation.
Results and Discussion
Cloning and sequencing of Nostoc Cyt c 6-3
On the basis of the known sequences of Cyt c 6 , we searched in the CyanoBase (Kazusa DNA Research Institute) for genes encoding proteins homologous to this metalloprotein. In addition to the petJ Cyt c 6 gene, we found genes coding for Cyt c 6-2 (formerly Cyt c 6 -like protein), Cyt c M and for a fourth type of class I Cyt c homologous to Cyt c 6 which has not yet been described. Further search with BLASTP against major sequence databases (GenBank, EMBL and DDBJ) showed that this new Cyt c (here called Cyt c 6-3 ) is present only in the cyanobacterial families Stigonematales and Nostocaceae; specifically in the genera Anabaena, Nostoc, Cylindrospermum, Fischerella, Calothrix and Cylindrospermopsis, all encompassed in heterocyst-forming filamentous cyanobacteria. A Cyt c 6-3 sequence was also found in the genus Raphidiopsis, a filamentous cyanobacterium that is deemed to have lost the capacity to differentiate heterocysts (Mohamed 2007) .
Using the sequence of Cyt c 6-3 from Anabaena variabilis (Ava_2744) as template, a couple of oligonucleotides outside the open reading frame (ORF) were designed, in order to clone the homologous gene from Nostoc sp. PCC 7119 by PCR amplification. We have chosen this strain because it has been intensively used in functional studies of both photosynthetic and respiratory electron transport chains. In order to avoid amplification of undesired DNA regions, a first PCR cycle using an annealing temperature of 43 C was critical, with the following cycles being carried out at 46 C. In these conditions, only one band was amplified (not shown). The PCR product was purified, ligated into pGEM-T cloning vector, subcloned in pBluescript II SK(+), thus generating the expression vector pEAC63-WT, and sequenced. The determined sequence of the petJ-3 gene from Nostoc sp. PCC 7119 (EMBL accession No. HG316543) showed 97% identity with that from A. variabilis. Fig. 1 shows the sequence alignment of the three isoforms of Cyt c 6 present in Nostoc sp. PCC 7119. Like Cyt c 6 and Cyt c 6-2 , Cyt c 6-3 has a typical transit peptide to the periplasmic space/ thylakoid lumen of 25 amino acids. This transit peptide consists of three well-defined regions: a positively charged N-terminal region, a central hydrophobic region and a C-terminal end comprising the consensus motif AxA, a specific cleavage site for peptidases. The cellular localization of Cyt c 6-3 is a key point when assessing its physiological role. In this context, the close similarity between the transit peptides of the three proteins ( Fig. 1) suggests that they could, in fact, be located in the same cellular compartment.
Sequence analysis
It has been previously reported that the presence of a glutamine at position 50 (Nostoc Cyt c 6 numbering) in the sequence of a protein belonging to the Cyt c 6 family makes its redox potential approximately 100 mV higher that if this position is occupied by any other residue (Worral et al. 2007 ). Cyt c 6-3 , as well as Cyt c 6 (E m,7 = +335 mV), possess an equivalent glutamine in this location (positions 50 in Cyt c 6 , and 54 in Cyt c 6-3 ; Fig. 1 ). However, this amino acid is absent in Cyt c 6-2 (replaced by isoleucine; Fig. 1) , whose E m,7 is +199 mV (see below). In addition, in c-type Cyts, the heme group is covalently attached to the polypeptide chain through the CxxCH motif, in which the histidine is one of the two axial ligands to the heme iron. In the Nostoc Cyt c 6-3 the complete sequence is CASCH, which is identical to that of Cyt c 6 (Fig. 1) . Interestingly, in both Cyt c 6-2 and Cyt c M (whose E m,7 are about 150 mV lower than that of Cyt c 6 ), the sequence motif is CAGCH.
Cyt c 6-3 presents a 55% and 41% identity, and 68% and 56% homology, with Cyts c 6 and c 6-2 , respectively, the identity and homology among Cyts c 6 and c 6-2 being 53% and 72%, respectively. However, Cyt c 6-3 contains two additional regions that are not present in Cyt c 6 or Cyt c 6-2 , an internal region (LKYL) and five additional amino acids at the C-terminus (NLEKE) (Fig. 1) .
Cyt c 6 interacts with PSI and Cyt f-in the Cyt b 6 f complexusing two specific regions (Molina-Heredia et al. 1999 , Díaz-Moreno et al. 2005 . The first one is a hydrophobic surface, located around the area through which the heme group is exposed to solvent (residues I9, S11, N13, L24, V25 and K29), which provides a contact surface for the electron transfer. The second one is a charged area (residues A57, M58, A60, F61, K62, R64, L65 and K66), responsible for driving long-distance electrostatic interactions with PSI and Cyt b 6 f complexes (Díaz-Moreno et al. 2005 , De la Rosa et al. 2006 . As shown in Fig. 1 , most of these residues are conserved in both Cyt c 6-2 and Cyt c 6-3 . In fact, Cyt c 6-2 is able to interact with PSI, although with an efficiency significantly lower than Cyt c 6 (Reyes-Sosa et al. 2011) . Therefore, the presence of these two conserved regions in Cyt c 6-3 might also indicate that this protein could interact with Cyt b 6 f or PSI and/or with Cox. However, the arginine residue at position 64 of Cyt c 6 (position 68 in Cyt c 6-3 ), strictly conserved in all cyanobacteria and which is necessary for the efficient interaction with PSI (Molina-Heredia et al. 1999) , although conserved in Cyt c 6-2 (Reyes-Sosa et al. 2011) , is replaced in Cyt c 6-3 for a lysine residue. G63 and K66 (G67 and K70 in Cyt c 6-3 ) positions in the electrostatic area of Cyt c 6 are also replaced by aspartic and serine groups, respectively, in Cyt c 6-2 and Cyt c 6-3 (Fig. 1) . Conversely, it has been described that in Cyt c 6 position 61 (65 in Cyt c 6-3 ) is always occupied by phenylalanine or tryptophan residues. Thus, a phenylalanine appears at this position in both Nostoc Cyt c 6 and Cyt c 6-3 , whereas in Cyt c 6-2 this residue is a tyrosine (Bialek et al. 2008) .
In order to elucidate the evolutionary relationships of Cyt c 6-3 , we have compared the amino acid sequences of Cyt c 6-3 from different cyanobacteria with those of the six other soluble monoheme Cyts with hisidine-methionine axial metal co-ordination from photosynthetic organisms: Cyt c 6 (cyanobacteria), Cyt c 6-2 (cyanobacteria), Cyt c M (cyanobacteria), Cyt c 2 (anoxygenic bacteria), Cyt c 6A (higher plants and green algae chloroplasts) and respiratory Cyt c (algal and plant mitochondria) (Fig. 2) . As previously indicated, Cyt c 6-3 appears only in heterocyst-forming filamentous cyanobacteria and, as seen in Fig. 2 , constitutes, by itself, a separate clade more related to Cyt c 6 than to Cyt c 6-2 or other photosynthetic Cyts.
Purification and physico-chemical characterization of Nostoc Cyt c 6-3
Cyt c 6-3 from Nostoc sp. PCC 7119 was expressed in Escherichia coli and purified as described in the Materials and Methods. Around 20 mg of Cyt c 6-3 were extracted from the periplasmic fraction of an E. coli 30 liter cell culture, and 10 mg of pure Cyt c 6-3 , with an A 275 /A 552 absorbance ratio of 1.17 for the reduced protein, were finally obtained. As the Cyt c 6-3 has a transit peptide to the thylakoid lumen/periplasmic space (see above), the recombinant protein was expressed in the periplasmic space of E. coli. Sequencing of the N-terminus and MALDI-TOF (matrix-assisted laser desorption ionization-time of flight) analysis confirmed that recombinant Cyt c 6 -3 was correctly processed in E. coli cells (not shown, and see Fig. 1 ). Fig. 3 shows the UV/visible absorption spectra of purified Nostoc Cyt c 6-3 . Cyt c 6-3 presents typical spectroscopic features of c-type Cyts and similar to those of Nostoc Cyt c 6 and Cyt c 6-2 (Molina-Heredia et al. 1998 , Reyes-Sosa et al. 2011 ). In the reduced state, Nostoc Cyt c 6-3 exhibits characteristic absorbance maxima at 552 (a), 522 (b), 416 (g, or Soret), 319 (d) and 275 nm (protein). Upon oxidation with ammonium persulfate, the a and b peaks are replaced by a broader band with a maximum at 528 nm, the Soret band shifts to 410 m, the d band disappears, and a new band appears with a maximum at 358 nm (Fig. 3) . Also, the extinction coefficient of Cyt c 6-3 at 552 nm was determined to be 24.8 mM -1 cm -1 for the reduced protein, whereas the differential extinction coefficient, reduced minus oxidized, was 16.6 mM -1 cm -1 (not shown). The isoelectric point (pI) of Cyt c 6-3 was also determined (not shown). It should be borne in mind that the pI from Cyt c 6 , and its functional counterpart Pc, presents a huge variation from one organism to another, but they are very similar within the same organism (De la Rosa et al. 2006, Hervás and Navarro 2011) . Thus, in Nostoc, both proteins are basic, with a pI of 9.0 and 8.8, respectively (Molina-Heredia et al. 1998 ). The pI from Nostoc Cyt c 6-2 , which is not a functional homolog of Cyt c 6 , is 8.0 (Reyes-Sosa et al. 2011) . On the other hand, the pI from Nostoc c 6-3 is 5.2 (not shown), thus being significantly different from that of Cyt c 6 and c 6-2 .
The E m,7 of Nostoc Cyt c 6-3 is +300 mV ( Table 1) , about 35 mV lower than those from Cyts c 6 and f (Molina-Heredia et al. 1998, Albarrán et al. 2005) , and 100 mV higher than that from Cyt c 6-2 (Reyes-Sosa et al. 2011). As mentioned previously, these data are consistent with the presence of a glutamine at position 54 in Cyts c 6 and c 6-3 , that is absent in Cyt c 6-2 . At pH 4.0, closer to the physiological pH inside the thylakoidal lumen under illumination (Kramer et al. 1999) , the E m from Cyt c 6-2 and Cyt c 6-3 increases to +30 and +40 mV, respectively (Table 1) , and thus both Cyts c 6 and c 6-3 become isopotential ( Table 1) . Although it was not possible to determine the E m at pH 4.0 from the recombinant soluble fragment of Nostoc Cyt f, because at this pH the protein became denaturalized, just from a thermodynamic point of view it is plausible that Cyt c 6-3 would be able to accept electrons from Cyt f. Fig. 1 Alignment of amino acid sequences of pre-Cyts c 6 , c 6-2 and c 6-3 from Nostoc sp. PCC 7119. The arrow points to the transit peptides. Identical regions are shaded in red, similar regions in pink and non-similar regions in blue. The surface residues from Cyt c 6 involved in hydrophobic or electrostatic interactions with PSI are boxed in blue and green, respectively. Also, the heme-binding motifs are boxed in black. The rhombus points to the glutamine residue at position 50 in Cyt c 6 and 54 in Cyt c 6-3 that modulates the redox potential in the Cyt c protein family (see text). The triangle points to Tyr61 from Cyt c 6-2 , conserved in all Cyt c 6 -like proteins.
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Structural modeling
To analyze the interaction of Cyt c 6-3 with possible partners it is not only the pI of the protein, which indicates the whole molecule charge responsible for the long-distance electrostatic interactions, that is important, but it is also essential to take into account the surface distribution of electrostatic charges and hydrophobic patches, responsible for short-distance orientations. For this reason, we have modeled the 3D structure of Cyt c 6-3 and compared it with the structure of Cyt c 6 (Fig. 4) . As previously mentioned, Nostoc Cyt c 6 has two areas of interaction with PSI or Cyt b 6 f. In turn, Cyt c 6-3 has two short insertions that are not present in Cyt c 6 . A mid four-residue insertion leads to an extension in the central a-helix that could be related to the interaction with PSI, whereas a final insertion presents an undefined secondary structure. Although both insertions are difficult to be modeled accurately, and thus the quality of the model could influence the fine distribution of charges on the surface of the molecule, the global charge distribution of the model can give us relevant information about the electrostatic properties of the protein. The three Cyt isoforms conserve the hydrophobic region around the area where the heme group is accessible to the solvent and involved in the electron transfer reaction, but not the electrostatic surface involved in the formation of the transient electrostatic complex with either PSI or Cyt f (Molina- Heredia et al. 1999 , Molina-Heredia et al. 2001 , Crowley et al. 2002 , Díaz-Moreno et al. 2005 .
Functional analysis of the interaction of Cyt c 6-3 with PSI
To check a possible function of Cyt c 6-3 in the photosynthetic electron transfer chain, we have performed a laser flash-induced kinetic analysis of PSI reduction by this protein. Table 1 shows the value for the second-order rate constant (k bim ) of PSI reduction by Cyt c 6-3 , inferred from the slope of the linear plot of the observed pseudo-first-order rate constant (k obs ) vs. the protein concentration (not shown). For a comparative analysis, the previously determined values corresponding to Nostoc Cyt c 6 , Cyt c 6-2 and Pc are also presented ( Table 1) . The k bim for PSI reduction is approximately 75 and 50 times lower for Cyt c 6-3 than for Cyt c 6 and Pc, respectively, and 20 times lower than for Cyt c 6-2 . The ionic strength dependence of the reaction rates provides further evidence for the lack of reactivity of Cyt c 6-3 towards PSI; whereas for both Cyt c 6 and Pc the rate constants decrease with salt concentration (Hervás et al. 1995 , MolinaHeredia et al. 1998 and are basically independent of ionic strength with Cyt c 6-2 (Reyes-Sosa et al. 2011), they slightly increase with Cyt c 6-3 (data not shown). However, the k bim value extrapolated at infinite ionic strength (k inf ) for Cyt c 6-3 still remains noticeable diminished as compared with the other three proteins ( Table 1 ). These findings indicate that Cyt c 6-3 does not react efficiently with PSI, even at physiological ionic strengths.
Cyt c 6-3 detection and cell localization
The low fluorescence emitted by the AT4 strain, expressing sf-GFP (superfolding variant of green fluorescent protein) fused to the C-terminal region of Cyt c 6-3 indicated a very low expression of Cyt c 6-3 under the conditions tested (not shown). Thus, to confirm that the AT4 strain expresses the fusion protein, a Western blot detection assay, using anti-GFP antibodies, was performed. Cyt c 6-3 immunodetection with antibodies against this protein was not possible, as these antibodies also recognized Cyt c 6 (not shown) and the reaction with this latter protein (with a similar molecular weight) impeded the visualization of Cyt c 6-3 . As shows in Fig. 5 , the Cyt c 6-3 -sf-GFP fusion protein was expressed in the AT4 strain under standard conditions in the presence of nitrate, as a band (absent in the wild-type strain) with the molecular weight corresponding to the fusion protein was clearly detected. This finding demonstrates, unequivocally, that Cyt c 6-3 is expressed in Nostoc. Fig. 5 also indicated that, when Nostoc is growing under diazotrophic conditions, the expression of Cyt c 6-3 decreases significantly.
These results were further confirmed by immunofluorescence assays on the AT9 strain, bearing the petJ-3 sequence with a 6ÂHis tag in the C-terminal region. Although the immunoassays are less informative than confocal microscopy, thus losing information on the subcellular localization, this technique allows a higher amplification of the signal and the detection of proteins with low expression levels. Fig. 6 confirms that Cyt c 6-3 is expressed in cells grown with nitrate as nitrogen source (Fig. 6B) and that if cells are grown in diazotrophic conditions the expression is repressed (Fig. 6C) . Fig. 6C also shows a filament containing one heterocyst. In this case, no fluorescence differences are observed between vegetative and heterocyst cells, due to the low fluorescence intensity, similar to the background fluorescence (Fig. 6A, C) .
Finally, it is well established that Cyt c 6 and Pc expression is inversely regulated by copper, the expression of Cyt c 6 being strongly repressed by the presence of the metal and that of Pc being repressed in its absence (Bovy et al. 1992) . For this reason, we have studied the effect of the presence or absence of copper in the expression of the petJ and petJ-3 genes. Supplementary  Fig. S1 shows the results of quantitative PCR (qPCR) analysis with RNA isolated from wild-type cells grown with nitrate and in the presence or absence of copper. The obtained results show that petJ (Cyt c 6 ) transcription is copper repressed, as expected, but petJ-3 (Cyt c 6-3 ) expression is copper independent.
In vivo GFP report of the Cyt c 6-3 promoter activity
To obtain more insights into the regulation of the petJ-3 gene expression in the different cell types of Nostoc grown in diazotrophic conditions, a strain expressing GFP under the control of the promoter region of the petJ-3 gene was constructed. In this strain, the gfp gene was fused to the first four triplets of the petJ-3 gene, thus eliminating the transit peptide to the periplasmic space/thylakoid lumen.
As shown in Fig. 7 , under nitrogen-limiting conditions, fluorescence from GFP was observed in both vegetative cells and heterocysts, but the expression in vegetative cells was about 30% higher than in heterocysts. In order to analyze whether the petJ-3 promoter is induced transiently or not during heterocyst differentiation, fluorescence from GFP was monitored at different times after combined nitrogen deprivation, a condition that triggers heterocyst differentiation. No significant changes were observed in the expression pattern with increasing time, indicating that the differences in expression in heterocysts and vegetative cells are not just transiently induced by nitrogen limitation.
Cyt c 6 is a small soluble heme protein, present in all known cyanobacteria (Schmetterer 1994 , Ki 2005 , whose principal function is to transfer electrons from the Cyt b 6 f complex to PSI in the photosynthetic electron transfer chain. In most cyanobacteria, the copper protein Pc functionally substitutes Cyt c 6 in the presence of copper in the medium . In addition, a second form of Cyt c 6 Cyt c 6-2 is also present (Ki 2005 , Bialek et al. 2008 , Reyes-Sosa et al. 2011 ). At present, the possible function of Cyt c 6-2 remains unknown.
Many researchers have speculated about the possible existence of a third electron donor to PSI to explain some aspects of the respiratory and photosynthetic processes that remain unknown. For example, it has been described that Synechocystis sp. PCC 6803, which only presents one isoform of Cyt c 6 , can grow photoautotrophically in the absence of both Cyt c 6 and Pc (Ardelean et al. 2002) . Here we describe a third form of Cyt c 6 , Cyt c 6-3 .
Cyt c 6-3 only appears in filamentous cyanobacteria able to develop heterocysts, and this suggests a function related either to heterocysts metabolism or to the differentiation process. Cyt c 6-3 does not substitute Cyt c 6 and Pc in photosynthetic electron transfer chains, as it cannot reduce PSI, and the detected in vivo protein levels are too low to be an efficient replacement for the abundant canonical soluble electron donors.
In the presence of combined nitrogen, Cyt c 6-3 is homogeneously expressed in all the cells of the filament. The protein seems to be expressed in the thylakoid lumen and in the periplasmic space, although the fluorescence signal is too low to confirm this with absolute certainty. Under nitrogen starvation, the expression of Cyt c 6-3 is partially repressed in vegetative cells, but such repression is practically complete in heterocysts. Thus, it is possible that Cyt c 6-3 could play an as yet to be defined regulatory role, related to heterocyst differentiation.
Materials and Methods
Bacterial strains and plasmids
The genomic DNA used in this work was isolated from an axenic culture of the filamentous heterocyst-forming cyanobacteria Nostoc sp. PCC 7119, formerly Anabaena (Adolph and Haselkorn 1971) . Escherichia coli DH5a (Bethesda Research Laboratories) was used for cloning and general DNA manipulations. Escherichia coli MC1061 (Casadaban and Cohen 1980) was used for the heterologous expression of Cyt c 6-3 . The pBluescript II SK(+) plasmid (Stratagene) was used to construct the plasmid pEAC63-WT, for overexpression of the Nostoc Cyt c 6-3 (this work). The plasmid pEC86 (Arslan et al. 1998) , which encodes the E. coli genes required for Cyt c maturation, was used to enhance the expression of Cyt c 6-3 in E. coli.
Cloning and sequencing of the petJ-3 gene from Nostoc sp. PCC 7119
The forward (GCATAAGTTGCTAGAG) and reverse (GCTACACGAATTAAGC TTG) primers, used to amplify the region containing the petJ-3 gene from the genomic DNA of Nostoc sp. PCC 7119 by PCR, were deduced from the ORF Ava_2744, which putatively encodes a Cyt c class I (GI:75908956) in A. variabilis ATCC 29413 (http://genome.microbedb.jp/cyanobase) (Fujisawa et al. 2014 ).
To clone this gene selectively in phase with the lac promoter of the pGEM-T and pBluescript II SK(+) cloning vectors, the restriction site HindIII was added to the 3 0 end of the gene. The resulting PCR product was cloned using the pGEM-T vector system (Promega). To ensure that the sequences did not contain any mutations introduced by PCR, two independent amplifications were carried out and two independent clones of each were sequenced separately. The DNA Sequencing Service from the Spanish National Cancer Research Centre (CNIO, Madrid) carried out the nucleotide sequence analysis. The resulting ORF was afterwards subcloned in pBluescript II SK(+), generating the plasmid pEAC63-WT. This plasmid was used for the expression of the petJ-3 gene under the control of the lac promoter. Other molecular biology protocols used were standard.
Multiple alignment and phylogenetic analysis
The sequence homology between the Cyt c 6-3 and other related photosynthetic Cyt c-type proteins was analyzed using the BLASTP network service of the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov). Signal peptides were analyzed with the SignalP 3.0 Server (Emanuelsson et al. 2007) . Multiple alignments of protein sequences were carried out using the CLUSTAL W (version 2.0.3) program (Thompson et al. 1994 ). The phylogenetic tree was created by protein maximum likelihood with PROTML (MOLPHY) (Adachi and Hasegawa 1992) .
Strain construction
To construct the AT1, bearing GFP under the control of petJ-3 promoter, and AT2/AT4 strains, bearing the petJ/petJ-3-sf-gfp translational fusion of Nostoc sp. PCC 7119, DNA was transferred to Nostoc sp. PCC 7119 by triparental mating with E. coli promoted by the conjugative plasmid pRL443, as described by Elhai and Wolk (1988) . For the AT1 strain, the DNA fragment from the petJ-3 promoter region was amplified by PCR using primer pairs AT1-F/AT1-R (Supplementary Table S1 ), including HindIII and EcoRV sites, and cloned into the conjugation plasmid pCSAM137 (bearing the gfp gene; Flores et al. 2007) , generating the pCAT1 plasmid. In this construct, the gfp gene is translationally fused to the tree first codons of the petJ-3 gene. For AT2 and AT4 strains, DNA fragments of the genes containing promoter regions and the entire genes were amplified by PCR using primer pairs AT2-F/AT2-R and AT4-F/AT4-R (Supplementary Table S1 ), respectively, including HindIII and BsaI sites, and cloned into the pCSAL34 plasmid (bearing the sf-gfp-mut2 gene; Burnat et al. 2014) . After that, the construction was subcloned into the conjugation plasmid pCSV3 (Olmedo-Verd et al. 2006) , in the KpnI restriction site, producing the pCAT2 and pCAT4 plasmids, respectively. The genetic structure of selected clones from each mating was tested by PCR with total DNA from the clone, using the forward primers of each construct and reverse primer gfp4 to check the presence of the GFP and sf-GFP fusions. The accumulation of GFP was analysed by laser confocal microscopy, using a Leica HCX-Plan-APO Â63/ 1.4 NA objective and a Leica TCS SP2 microscope, as described by OlmedoVerd et al. (2006) .
To construct the AT9 strain of Nostoc sp. PCC 7119 for immunofluorescence analysis, bearing the petJ-3 sequence with a 6ÂHis tag in the C-terminal region, DNA was transferred to Nostoc sp. PCC 7119 by triparental mating as described before. The plasmid containing the petJ-3-6ÂHis fusion was developed by Genecust (Distribio), using pBluescript II SK (+) (Stratagene) as template, including a KpnI restriction site, and was cloned into pCSV3, producing the pCAT9 plasmid.
Structural modeling
The structure of Cyt c 6-3 from Nostoc sp. PCC 7119 was modeled using the program Phyre 2 (http://www.sbg.bio.ic.ac.uk/phyre2) (Kelley and Sternberg 2009) . The surface electrostatic potential of this protein was modeled using the Swiss-Pdb Viewer (Guex and Peitsch 1997) as described previously (ReyesSosa et al. 2011 ). The quality of the modeled structures was tested using the PROCHECK program (Laskowski et al. 1993 ).
Protein expression and purification procedures
Escherichia coli MC1061 cells co-transformed with both pEAC63-WT and pEC86 plasmids were grown in standard LB medium supplemented with 100 mg ampicillin ml À1 and 20 mg chloramphenicol ml
À1
. Cells from 30 liters of culture were collected by centrifugation and resuspended in 225 ml of 10 mM Tris-HCl buffer (pH 7.5). The periplasmic fraction was extracted by freeze-thaw cycles (Eftekhar and Schiller 1994) and extensively dialyzed against the same buffer. Subsequently, it was applied to a DEAE Sepharose column equilibrated with the same buffer. Cyt c 6-3 was eluted with a 0-0.4 M NaCl linear gradient. The fractions containing Cyt c 6-3 were pooled, concentrated and further purified by gel filtration using a Sephacryl S-200 HR column (GE Healthcare Life Sciences) in 10 mM Tris-HCl buffer (pH 7.5) supplemented with 100 mM NaCl. An A 275 /A 552 absorbance ratio of 1.17 was obtained for pure protein in its reduced state. Final pure protein fractions were pooled, concentrated and extensively dialyzed against 10 mM Tris-HCl, pH 7.5. Protein concentration was determined spectrophotometrically using an absorption coefficient of 24.8 mM -1 cm -1 at 552 nm for the reduced protein (this work). Recombinant Nostoc Cyt c 6 , Pc, Cyt c 6-2 and Cyt f were expressed and purified as previously described (Molina-Heredia et al. 1999 , Molina-Heredia et al. 2001 , Albarrán et al. 2005 , Reyes-Sosa et al. 2011 . PSI particles were isolated from Nostoc cells by b-dodecyl maltoside solubilization as described previously (Molina-Heredia et al. 1999) . The P700 content in PSI samples was calculated from the photoinduced absorbance changes at 820 nm using the absorption coefficient of 6.5 mM -1 cm -1 determined by Mathis and Sétif (1981) . The Chl concentration was determined according to Arnon (1949) .
Analytical methods
The extinction coefficient of Nostoc sp. PCC 7119 Cyt c 6-3 at 552 nm (24.8 mM -1 cm -1 ) was determined using the pyridine hemochrome method (Appleby 1969) . In order to check that the expressed protein was correctly processed, the N-terminus was sequenced in a Procise TM 494 Protein Sequencer (Applied Biosystems). Redox titrations were performed as described previously (Molina-Heredia et al. 1998) . The pI was determined by electrofocusing (Robertson et al. 1987) , with a mixture of carrier ampholytes from Bio-Rad, pH range 3-10; the standard proteins used were those of the Sigma isoelectric focusing calibration kit for a pH range of 6.8-9.3. Molecular weights were determined by MALDI-TOF analysis (Bruker Daltonics).
RNA isolation and real-time quantitative PCR
Cells from cultures grown with the indicated nitrogen sources, either in the presence or absence of copper, and bubbled with air supplemented with 1% CO 2 , were collected by filtration (nitrocellulose filter 0.45 mm) and washed in RNase-free TE buffer (10 mM Tris-HCl, pH 7.5, and 1 mM EDTA). Pelleted cells were reduced to dust with a mortar after freezing in liquid nitrogen. Total RNA was extracted using 1 ml of TRIsure reagent (BIOLINE) according to the manufacturer's instructions. Afterwards, RNA was extracted with phenol and chloroform/isoamyl alcohol (24 : 1), precipitated with absolute ethanol and washed with 70% ethanol. Finally, RNA was resuspended in 25 ml of RNase-free water. cDNA synthesis was performed with 1 mg of total RNA using the QuantiTect reverse Transcription kit (QIAGEN) according to the manufacturer's instructions. Real-time qPCR was performed using the SensiFAST SYBR & Fluorescein kit (BIOLINE) and the IQ5 real-time PCR detection system (BIO-RAD). A standard thermal profile (95 C, 3 min; 40 cycles at 95 C for 10 s, and 60 C for 30 s) was used for all reactions. Oligonucleotides used for qPCR analyses are described in Supplementary Table S1 . Expression levels were normalized using rnpB as a housekeeping gene.
Immunofluorescence of Cyt c 6-3
Immunofluorescence of Cyt c 6-3 was performed as described by Ramos-León et al. (2015) with minor variations. The primary antibody used was rabbit anti6ÂHis (Sigma) diluted 1 : 500 in phosphate-buffered saline (PBS; 26 mM NaCl, 540 mM KCl, 800 mM Na 2 HPO 4 , 352 mM KH 2 PO 4 ) supplemented with 0.05 % Tween-20 (PBS-T) and 5% milk powder.
Protein sample and Western blotting
Cells from Nostoc sp. PCC 7119 cultures grown in BG11 (containing NaNO 3 ) or in BG11 0 (without combined nitrogen) (Rippka et al. 1979) were collected by centrifugation (5,000 Â g, 5 min) and resuspended in Resuspension buffer (50 mM HEPES-NaOH pH 7.5, 30 mM CaCl 2 , 800 mM D-sorbitol and 1 mM eamino-n-caproic acid). Afterwards, 250 mg of 500 mm diameter glass beads (Biospec products) were added, mixed by vortex during 1 min and incubated on ice for 1 min more. This process was repeated seven times, and then 200 ml of Resuspension buffer were added, centrifuged (1,500 Â g, 1 min, 4 C) and the supernatant was collected. The pellet was resuspended in 400 ml of Resuspension buffer and centrifuged (1,500 Â g, 1 min, 4 C). The supernatant was unified and centrifuged (3,000 Â g, 3 min, 4 C) to clean the sample. The protein content of the supernatant was quantified by the Lowry method (Lowry 1951) ; 20 mg of the sample was loaded into a 1 % SDS-polyacrylamide gel and run for 90 min at 150 V. After that, the gel was transferred to a nitrocellulose 0.45 mM pore size membrane (Amersham Protran) with a Trans-Blotting turbo system (BioRad) for 30 min (25 V and 1 A). The membrane was then incubated for 1 h at room temperature with blocking buffer (PBS-T + 5% milk powder), and then incubated overnight at 4 C with primary antibody [anti-GFP 1 : 2,000 (Santa Cruz Biotechnology)] diluted in PBS-T. The membrane was washed three times during 5 min in PBS-T and incubated for 1 h at room temperature with secondary antibody [anti-rabbit IgG peroxidase (Sigma)] diluted 1 : 10,000 in PBS-T. The membrane was washed three more times with PBS-T and signal was visualized with an Immobilon Western kit (Millipore).
Laser flash absorption spectroscopy
Kinetics of flash-induced absorbance changes associated with PSI photooxidation and further re-reduction by Cyt c 6-3 were followed at 830 nm as described previously (Bernal-Bayard et al. 2013) . The standard reaction mixture contained, in a final volume of 0.2 ml, 20 mM Tricine-KOH buffer, pH 7.5, 10 mM MgCl 2 , 0.03% b-dodecyl maltoside, an amount of PSI particles equivalent to 0.35 mg Chl ml -1 , 0.1 mM methyl viologen, 2 mM sodium ascorbate and Cyt c 6-3 at increasing concentrations. All the experiments were performed at 22 C in a 1 mm pathlength cuvette. Kinetic data collection, analyses and values for the observed pseudo-first-order rate constants (k obs ), the second-order rate constant (k bim ) and the second-order rate constant extrapolated to infinite ionic strength (k inf ) for PSI reduction were estimated according to formalisms previously described Navarro 2011) . Typically, the estimated error in the k obs determination was 10%, based on the reproducibility and signal-to-noise ratios.
Supplementary data
Supplementary data are available at PCP online. 
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